I. Introduction
We record airplane bombing attacks rst in 1933 in the cargo hold of a Boeing 247D; the explosive was nytroglicerin. Table 1 presents a sequence of similar events. Until the bombing of a Boeing 707-124 in 1962, all the attacks were focused on very simple explosive devices placed in the baggage compartment. In-cabin bombs, placed mostly under seat cushions, determined most subsequent disasters. In 1987, the rst liquid explosives were used, but they were rapidly replaced by plastic explosives hidden inside shoes, laptops, and other eletronic devices. The response of airlines and airports to these threats was and is focused on their prevention based on pre-board screening. Gillen and Morrison [1] report a comparative study of European total expeditures on aviation security: 5.7 billion euros in 2011.
In this context, the idea of developing the so-called unit load devices (ULD), a design of luggage containers with the aim of absorbing energy from an in-cargo explosion, emerged. We also record a ULD made of composite panels with reinforcing bres [2] , a bilayer hardened luggage container made of an inner layer of lightweight foam for capturing debris, and an outer pressure mitigation layer [3] . Usual protections (see e.g. [4] and [5] ) consist in blowout panels incorporated into fuselages and designed to be weaker than the sorrounding airframe. In a bombing event, blowout panels will fail, allowing pressure decrement and controlled fuselage failure. In describing the process at cruise altitude, we cannot neglect pressurization and gravity loads; also, although we may suppose the absence of turbolence and wind gusts, we need to take into account the rigid body motion of the system.
A bombing event overcomes circumstances investigated in standard experiments on fuselages, usually based on a fatigue design. Experiments on the response of fuselages to a blast usually consist in an explosion inside the aircraft while it is at ground and without any acting load on it, except gravity (see [6] ). The experiment presented in reference [7] considers a partially pressurized fuselage of a retired Boeing 727, while reference [8] a plane pre-pressurized panel, despite large-scale eects aicts fuselage dynamics.
Lower-cost methods for investigating the fast-dynamics of a fuselage subjected to blast actions are computational. Several articles deal with the modelling strategies of reinforced plates in Aluminium-based alloys or glass reinforced aluminium (GLARE), (see e.g. [10] ), i.e., a bre metal laminate made of aluminium and glass bre layers, under blast actions. A question not yet largely investigated is the behaviour of the full aircraft structure. Analyses of blast actions on fuselages, developed by adopting a Coupled-Eulerian-Lagrangian (CEL) approach, appear in references [11] and [12] . The rst one deals with the eects of an in-cabin bomb placed inside the luggage compart-2 ment for an Aluminium-based fuselage, assumed as a cantiveler beam. Consequently, the analysis neglects possible rigid body motions. In reference [12] the authors consider an Airbus A380 and introduce pressurization just as a static load on the skin.
In this paper, we develop a numerical approach for evaluating the response of a fuselage subjected to an in-cabin explosion, with the aim of proposing a possible passive cabin protection. The analysis includes gravity and pressurization loads at cruising altitude. We consider dierent volumes of air inside and outside cabin, dierent velocities of travelling shock waves through the volumes, and changes in pressurization.
In Section II we present the geometry of the fuselage, while in Sections III and IV we outline the way followed in representing blast actions and the constitutive behaviour of aluminium alloys, respectively. Section V deals with the development of passive protections in Kevlar and polyurethane foam. We present our numerical strategy in Section VI. Finally, in Section VII we describe the simulation of an in-cabin explosion and analyze the reliability of the proposed passive protection.
II. Fuselage geometry
We design fuselages able to hold both passengers and cargo on the basis of three dierent schemess: truss, monocoque, and semimonocoque.
• The truss design, commonly belonging to the rst generation of aircrafts, consists of steel tubes, welded together in a framework.
• The monocoque type, i.e., unit shell, relies mostly on the strength of the skin (or covering) to carry loads. It consists of formers, frame assemblies, and bulkheads to provide shape with the skin carrying mainly stresses. The main problem related to such a design is keeping the weight within allowable limits while assuring enough strength.
• The semimonocoque is a modication of the latter design consisting of frame assemblies, bulkheads, and formers supplemented by additional reinforcements, called longerons, which make the structure lightweighted and stier. Semimonocoque fuselages are usually made of aluminium alloys, although steel and titanium are used in high temperature regions.
In the simulations presented here, we adopt the simplied semimonocoque design shown in The oor consists of plates with 0.8 mm thickness, while the skin has 2 mm thickness. Tied contact pairs assure continuity between dierent parts. Frames along the oor, longerons, and bulkheads Fig. 2 The geometrical model. are made of Al2024-T3, while the skin is made of Al7075-T6.
III. Modeling blast actions
An explosion is an extremely rapid and exothermal chemical reaction, which lasts just few milliseconds. During detonation, hot gases, pertaining to the chemical process, expand quickly and, for the hot temperatures produced almost instantaneously, the air around the blast expands too.
The result is a blast shock wave, characterized by a thin zone of air propagating spherically much faster than the sound speed, through which pressure is discontinuous. We describe below more 4 Fig. 3 Longerons and frame assemblies and related sections (measures are in millimeters).
formally such a phenomenon, more details can be found in references [13] and [14] .
A few notations appear below.
• W : explosive mass.
• R = ||q − o||: distance of a point q from the detonation point o.
• P o : ambient pressure.
• P s : overpressure due to the blast; it is the pressure in the air relative to P o .
• P r : reected overpressure, i.e., the pressure, relative to P o , acting at a point q of a solid surface when hit orthogonally by a shock-wave.
• t A : arrival time, i.e., the instant at which the shock-wave peak arrives at q.
• t o : positive phase duration, dened below.
• t o− : negative phase duration, dened below. Figure 4 represents an ideal prole of the overpressure P s (q, t) produced by a blast. When the shock wave arrives at q, after t A , the pressure instantaneously increases from the ambient pressure P o to a peak for P s : a strong discontinuity, indeed.
For t > t A the overpressure decreases exponentially until time t A + t o , when P s = P o , which marks the end of the so-called positive phase. After t A + t o , we have the negative phase: the pressure decreases with respect to P o and comes back to P o after t o− > t o . During the negative 5 phase the decrement of the pressure is in modulus much lower than the peak pressure of the positive phase. Consequently, the negative phase can be neglected for structural analyses, though it can be important in some special cases, due to its duration, always much longer than the positive phase.
Such a behavior is idealized: perturbations can occur, due to dierent circumstances.
The shock wave is the main mechanical eect of a blast on a structure, but not the only one: hot gases, expanding, produce the so-called dynamic pressure, least in value with respect to the shock wave and propagating at a lesser speed, while the impinging shock wave can be reected by solid surfaces and acts again on other surfaces as reected shock wave. The overpressure P s at a point q decreases with increasing time t and distance R. Generally, the time rate decrement is much greater than the space rate one: the blast overpressure is like a localized pressure wave propagating at high speed and decreasing intensity in the distance. Fig. 4 Scheme of the time variation of the pressure due to a blast. P r is the pressure acting on a surface impinged by the incident overpressure P s . The peak of P r is normally much greater than the one of P s , measured at the same point and assuming the absence of any surface.
The simulation of a blast can be conducted by using dierent approaches. Here we refer to three phenomenological approaches: JWL, CONWEP, and TM5-1300 models.
JWL stands for Jones, Wilkins, and Lee [15] , [16] , [17] . Basically, JWL rests on an equation of state, which describes the blast phenomenon including the propagation of shock-waves in a medium, its reection on solid surfaces, and the expansion of the hot gases, i.e., the dynamic pressure. Such an equation of state expresses the overpressure P s inside the explosive material as a function of 6 some parameters:
(1)
A, B, R 1 , R 2 , and ω are parameters depending upon the explosive, along with ρ 0 , its density, while ρ is the density of the detonation products and E m the internal energy per unit mass. In addition, detonation velocity v D needs to be specied. All their values are selected to t experimental results on the cylinder expansion test (see Table 2 ). Equation (1) emerges from a rst order expansion with respect to energy of the principal isentrope for the detonation products, i.e.,
The principal isentrope (2) We consider air as an ideal gas with total pressure given by
where p A and p are, respectively, ambient and current (uid) pressures;R is the universal gas constant, i.e., the product between Boltzmann and Avogadro constants; T is the current absolute temperature. We consider the specic energy, E m , as a function of the temperature, θ, alone:
where E m0 is the initial specic energy at the initial temperature T 0 ; c v is the specic heat at constant volume (we assume it remains costant when temperature varies).
Multi-physics transient problems, with a strong uid-structure coupling, lead to numerical simulations that can be very heavy. Empirical methods are often used for their reduced computational costs. The two most commonly used empirical models rest upon dierent but related studies of the U.S. Army Corps of Engineers (USACE): the document [20] and the Technical Manual TM5-1300 [21] . They contain the model CONWEP, completed by successive documents [22] . The Joint Research Center of the European Union has produced in 2013 a Technical Report [23] substantially referring to these two last USACE documents and to another Technical Report of the U.S. Army [24] .
Such empirical models are less precise in predictions than JWL, especially because they neglect reected waves, which may have, in contrast, prominent eects, especially for internal blasts. Depending upon geometry, the concentration of the reected waves can give rise to local eects that can be greater than the original shock wave. In the case of vaulted structures limited laterally by walls, a localized shock wave produced by the reected waves can hit the vault with an overpressure far greater than that produced directly by the original impinging shock wave [14] , [25] , [26] .
In the case of aircrafts, due to the cylindrical symmetry, we can have prominent eects of focalisation. Moreover, the strong thermo-uid-mechanics coupling requires an integrated methodology able to account for both the stress state in the structure and the evolution of the fast-dynamics explosive phenomenon. For all these reasons, we have chosen to use JWL for the numerical simulations. , as a function of a nondimensional temperature,
T , and plastic small strain, ε pl , as
where JC 1 is the yield strength, while JC 2 and n are, respectively, the hardening constant and an exponent to be determined on the basis of data tting; m is the thermal softening exponent, and T is dened by
where T m is the melting temperature and T tr is the transition temperature dened as the one at which the yield stress is temperature-independent. If T > T m , σ 0 = 0: the material would melt.
However, Johnson-Cook's constitutive relation is not completely appropriate in analyses where temperature is higher than the material recrystallization threshold, due to the presence of microstructural changes such as decreasing dislocation density and increasing grain size.
The yield stress at non-zero strain is given by
9 B. Damage Damage growth δ satises the rule
where ∆ε pl is an increment of the equivalent plastic strain, ε pl,f the strain at failure and K the total number of increments in the analysis. By assumption, the strain at failure is given by
where p indicates pressure, q Mises stress and d i , i = 1, . . . , 5, are failure parameters. Tables 4 and 5 show the pertinent parameters for Al7075-T6 and Al2024-T3.
V. Passive protections
Laminated composites are often used in aeronautics since they are lightweigth materials with excellent mechanical properties. For their high toughness, aramidic bres are usually adopted in aerospace engineering and ballistic applications. Indeed, unlike glass and carbon bers, when Kevlar bers break, they fail by a series of energy absorbing bril failures and not by a brittle cracking, where brils are sub-bers that compose each aramidic ber.
Kevlar fabric properties make it a candidate to be used in designing blast-protections in the case of a fuselage. A cabin load device (CLD) to mitigate blast waves from an explosion consists in inserting Kevlar fabric inside the passenger cabin, tied with longerons and bulkheads, upholstering the interiors. During an explosion, while experiencing large strain, CLD may protect the skin and prevent from fuselage perforation, as we shall see in Section VII. In a sense, the contribution of a Kevlar-made CLD can be regarded as an increment of the viscosity of the medium through which blast waves propagate.
An improvement of the CLD protection can be obtained using foam in cavities of the fuselage such as the spaces between longerons and the interior of the oor. Foams, as energy absorbing materials, allow to mitigate the stresses due to impact, being characterised, at the same time, by low densities. Polyurethane foams are excellent candidates for blast protections.
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A. Kevlar
We assume for Kevlar fabric an orthotropic elastic behaviour up to failure. Also, we consider a plane stress state (σ 13 = σ 23 = σ 33 = 0). With σ the Cauchy stress tensor, ε the total elastic strain, and D the fourth-rank elasticity tensor, the standard linear elastic constitutive relation reads
With E i Young moduli, ν ij Poisson ratios, and G ij shear moduli, i, j = 1, 2, 3, in Voigt's notation,
and
The elastic parameters, collected in Table 6 , refer to a woven fabric Kevlar-29 with a polyvinylbutyral-phenolic matrix, with 18% of bers volume fraction.
We consider Hashin's failure criterion for ber-reinforced materials [33] . In this way we account for four dierent damage mechanisms: ber tension and compression, matrix tension and compression. The initiation criterion relies on a set of damage variables, each one corresponding to a damage 
where M is the damage operator, which we assume to be
d f , d m and d s are damage variables associated with ber, matrix and shear modes, respectively,
In Table 7 the parameters of Hashin's failure criterion are collected, together with the fracture energy G f [34] , assumed to be equally distributed in the longitudinal, transverse and shear directions.
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As usual, we consider polyurethane as a visco-elastic material with null Poisson ratio and a density of 240 kg/m
3
. Data about the constitutive coecients derive from uniaxial tension and compression tests, at dierent strain rates [35] . We neglect failure in compression and assume a maximal value of 3.8 MPa of the maximum principal tensile stress, independently of the strain rate.
VI. Numerical procedure
We simulate an in-cabin explosion by using a CEL approach: the fuselage is immersed into air;
we use JWL to model the blast.
In CEL simulations, ABAQUS/Explicit takes into account the Eulerian uid domain through the so-called volume-of-uid-method: the ow through the mesh is tracked by the denition of an additional variable within each element, the Eulerian volume fraction (EVF). In our case, this allows to compute not only the propagation of shock waves, but also the diusion of the explosive inside the air domain. We describe uid-structure interaction by using a general contact algorithm, with a null interface friction coecient and a penalty method.
As already pointed out in Section I, the complex nature of the loads acting on an aircraft needs to be considered by taking into account the pre-bombing stress state in a fuselage at cruising altitude. With this in mind, we propose a methodology of analysis based on two steps:
• First, through a quasistatic analysis we apply incrementally gravity and a distributed load equivalent to lift, acting on the lower half of the fuselage. Figure 7 shows the boundary conditions, which allow a rigid body motion as soon as the equilibrium between vertical loads is broken.
• The results are the initial state of a subsequent simulation where pressurization load appears through a gradient of pressure between internal and external volumes of air, using a CEL approach. We assume the aircraft at an altitude of 10000 m, while the equivalent eective cabin altitude is 2000 m. Figure 8 shows the scheme of the procedure described above. We use the stress state obtained from the second analysis as initial state of the simulations of an internal explosion at cruising altitude.
The size of the problem and the thermal sensitive behaviour of Al-alloys require considering the blast heat release. To this aim we use a Coupled-Temperature-Displacement (CTD) analysis.
The equilibrium state achieved at the end of the second analysis is the initial state of a CEL-CTD explicit analysis for studying the eects of blast waves on the structure. The state equations for explosive and air are those already shown in Table 2 . Fig. 8 Schematic representation of the procedure proposed for evaluating the stress state of the structure.
A. Mesh sensitivity of the uid domain
The air domain is shown in Figure 9 . It is decomposed into 1.156×10 
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In Figure 10 we show the relative error evaluated for meshes M 1 , . . . , M 5 with respect to mesh M 6 ; such an error, in percent, is The convergence analysis rests on two quasistatic analyses. As already pointed out, rst we consider gravity and lift loads. Then, the equilibrium state enters a second analysis in which we consider the uid domain, discretized with the selected mesh M 5 , and we apply the pressurization load.
The convergence analysis rests on explicit schemes for nine dierent structural meshes MS i , i = 1, . . . , 9, with characteristics in Table 8 .
We have monitored the values of strain at a point belonging to the skin, as shown in Figure 11 .
The need of evaluating the degree of accuracy of the mesh in terms of strains instead of displacements 16 is a consequence of rigid body motions of the structure.
We have evaluated convergence as for the air domain, computing for each mesh MS i , with i = 1, . . . , 8, the errors ∆ε of the strain magnitude ε, relatively to the same quantity ε r , calculated for the reference mesh MS 9 , the nest one:
for any mesh MS i .
In Figure 11 we show the diagram of ∆ε versus DOF. After the evaluation of the results, we have selected the mesh MS 8 for the nal simulations. A detail of the structural mesh MS 8 appears in Figure 12 . We use parallel computing for decreasing signicantly computational time. All the simulations exploited a 24-cores workstation.
VII. Numerical simulations
We have simulated a blast, produced by the explosion of 0.850 kg TNT equivalent in-cabin charge, through a CEL-CTD analysis. From these results we have designed a CLD, Fig. 6 . The stable time step of the explicit schemes, mostly aicted by the small elements size (see [30] ) varies from 2.9 × 10 s. Therefore, the computational time required for running a short time period (3.5 milliseconds) analysis is around 35 hours. Fig. 12 Detail of the structural mesh MS8.
A. In-cabin explosion simulations Figures 13, 14 and 15 show the results of the simulations. The evolution of the pressure eld thorugh the air domain is in Figure 13 .
The blast event is really fast and the response of the fuselage can be easily seen in a really short time period, such as 3 milliseconds. The state of structural damage at the end of the calculations is in Figure 14 , while the progressive response of bulkheads, longerons and skin to the blast is in Figure 15 . The results conrm that a small amount of charge, capable just of piercing the skin at sucently high altitude, can be the origin of a disaster. The principal shock front produces a hole in the skin enlarged by the subsequent decompression until global failure. The overpressure, responsable for destroying the skin in the immediate proximity of the charge, punctures also the oor (see Fig. 13 ), determining a secondary shock, which propagates inside the cargo hold and opens another hole in the bottom half of the skin by venting.
B. Assessing the reliability of the protective CLD Figure 16 shows the evolution of the pressure eld in the air domain considering the protective CLD: we get mitigation of blast waves, thanks to both materials and the way the protections are inserted. By comparing Figures 16 and 13 , we can see the advantages of using a Kevlar fabric as a result of the smooth evolution of the principal shock front and reected waves with a lower magnitude. Indeed, such a fabric behaves like a second skin, much less sti and tougher than the one made of Al7075-T6. Its main eect is a reduction of the magnitude of reected blast waves.
Figures 17 and 18 shows the structural damage and the progressive response of fuselage and CLD, respectively. Skin can withstand an internal explosion of 0.850 kg, being not punctured, and oor is only partially damaged, avoiding the failure of the bottom half skin, due to venting, as shown in Figure 16 , where any blast wave penetrates inside the cargo hold. Figure 19 shows the comparison between the results of an in-cabin explosion without any protecting devices and those where a CLD is considered.
We have also investigated the ecacy of the protective device in the case of an explosive charge of 1 kg, as well. Figures 20, 21 , and 22 show the damage for both cases, with and without protections.
C. Further remarks
Numerical simulations dealing with the behaviour of fuselages under blasts are usually based on the application of pressurization load as a distributed action on the skin independently of the pressures of the surrounding volumes of air; this hypothesis is investigated in the Appendix.
The simulations presented here allow to capture the fast-dynamics due to an internal explosion.
The dierence between numerical results and reality requires reliable experimental tests. However, our results furnish indication addressing towards a reasonably protable design. Table 4 Material parameters for Johnson-Cook's plasticity (according to [28] and [29] Table 5 Material parameters for Johnson-Cook's damage (according to [28] and [29] Table 6 Material parameters for Kevlar fabric (according to [31] and [32] Table 7 Material parameters for Hashin's failure criterion [32] . Fig. 13 The evolution of the pressure eld through the air domain. 
Appendix
We analyze here the pressurization load by comparing two dierent schemes. In reference [12] the stresses due to pressurization emerges from the application of a distributed load, acting perpendicularly on the internal side of the skin, equivalent to the dierence in pressure between inside and outside the cabin. Dierently, the investigations presented in Section VII rely on the evaluation of pressurization by applying two dierent values of pressure to the internal and surrounding volumes of air. The two dierent ways of accounting for pressurization are in Figure 23 . Modeling pressurization through a uniformly distributed dead load, case (a), is questionable when skin breaks. Indeed, when a hole occurs, the cabin undergoes decompression. In contrast, when we apply pressurization by distinguishing the pressure values in the internal and external volumes of air, we may take into account decompression.
In order to evaluate the dierence between the two ways of modeling pressurization, we develop a numerical simulation with a charge of 0. 
